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We have performed 31P-NMR measurements on the s-wave superconductor LaRu4P12 to in-
vestigate the magnetic field effect of the nuclear spin-lattice relaxation rate 1/T1 on a con-
ventional full-gap superconductor. With increasing magnetic field, the Hebel-Slichter peak
immediately below Tc in 1/T1 was suppressed, and the magnetic field dependence of 1/T1 at
0.8 K, well below Tc, was proportional to H
2. These behaviors can be fully understood by the
orbital pair-breaking effect in a single-band s-wave superconductor.
Superconducting (SC) states near an upper critical field Hc2 have attracted much attention
because an exotic SC state, such as the Fulde-Ferrell Larkin-Ovchinnikov (FFLO) state,1, 2)
is expected when the Pauli pair-breaking effect predominates over the orbital pair-breaking
effect. In fact, there are some reports that the FFLO phase or Q phase (the coexistence phase
of the FFLO state and spin density wave state) seems to be realized near Hc2 in heavy fermion
superconductors and organic superconductors.3–6) Recently, it has been recognized that 1/T1
measurement around Hc2 is a valuable method for studying the FFLO state because the en-
hancement of 1/T1 has been observed in κ-(BEDT-TTF)2Cu(NCS)2 and CeCu2Si2, and the
enhancement of 1/T1 suggests the formation of the FFLO state. In contrast to extensive NMR
studies of unconventional superconductors, there are few NMR measurements near Hc2 on
conventional s-wave superconductors, and thus a detailed NMR study near Hc2 for conven-
tional superconductors is important to understand the magnetic field effect on superconduc-
tivity.
In the case of a conventional superconductor, we adopted filled skutterudite LaRu4P12
with a moderate Tc and Hc2. LaRu4P12 has a cubic symmetry Im3¯ space group. The SC
transition temperature Tc of LaRu4P12 is 7.2 K, and the upper critical field Hc2 is 3.4 T.
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Fig. 1. (Color online)H-T phase diagram of LaRu4P12. Tcs are determined by χAC measurements with in-situ
NMR coils.
From various measurements,7, 8) LaRu4P12 is considered to have an s-wave SC symmetry.
In addition, the temperature dependence of Hc2 is consistent with the Werthamer-Helfand-
Hohenberg theory,9) indicating that the orbital pair-breaking effect is dominant. Therefore,
LaRu4P12 is a good candidate for investigating the magnetic field effect on a conventional
superconductor with orbital pair-breaking.
In this short note, we perform 31P-NMR measurements on LaRu4P12. The Hebel-Slichter
(HS) peak in the nuclear spin-lattice relaxation rate 1/T1, which was observed at 1 T, was
suppressed with increasing magnetic field. This suppression originates from the Volovik ef-
fect for conventional s-wave superconductors. In addition, the magnetic field dependence of
1/T1 at 0.8 K was proportional to H
2, which is quite consistent with the expected behavior in
superconductors in which the single-band orbital pair-breaking effect is dominant.
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Fig. 2. (Color online)Relaxation of the magnetization of 31P nuclei (left) at 0.8 K and 0.5 T and (right) at
0.8 K and 3 T. Solid lines are the following equation: [m(∞) − m(t)]/m(∞) = A exp (−t/T1).
A single crystal of LaRu4P12 was synthesized by the Sn-flux method
7) and was pow-
dered for NMR measurements to obtain a large surface area. The field dependence of Tc(H)
[µ0Hc2(T )] was obtained by AC-susceptibility measurements using NMR coils. As shown in
Fig. 1, the observed Tc(0) (= 7.2 K) and µ0Hc2(0) (= 3.4 T) are consistent with a previous
report.7) A conventional spin-echo technique was used for NMR measurements in a temper-
ature range from 0.2 to 10 K and magnetic field range from 0.5 to 4.0 T. Low-temperature
measurements below 1.5 K were carried out with a 3He-4He dilution refrigerator, in which
the sample was immersed into the 3He-4He mixture to prevent radio-frequency heating dur-
ing measurements. 1/T1 of
31P nuclei (nuclear spin I = 1/2 and nuclear gyromagnetic ra-
tio 31γ/2pi = 17.235 MHz/T) was measured using the saturation recovery method and was
uniquely determined with a single component in the entire measurement region, even near
Hc2 as shown in Fig. 2.
Figure 3 shows the temperature dependence of 1/T1T at 1, 2.5, 3, and 4 T. In the nor-
mal state, 1/T1 is proportional to temperature, which is well known as the Korringa behavior
(T1T = const.). This indicates that LaRu4P12 is a normal metal without strong magnetic fluc-
tuations below 10 K. Below Tc, 1/T1 deviates from the Korringa behavior. At 1 T, 1/T1T shows
a clear peak, the so-called HS peak,10) immediately below Tc(H), and decreases exponentially
at low temperatures, which is quite consistent with the expected behavior in full-gap s-wave
superconductors. Note that the temperature dependence of 1/T1 deviates from the exponen-
tial curve below 3 K. The detailed NMR study at low magnetic fields has been reported in
Ref. [11]. With increasing magnetic field, the HS peak was suppressed and there was no clear
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Fig. 3. (Color online)Temperature dependence of 1/T1T at several magnetic fields. The arrows indicate Tc(H).
peak at 2.5 and 3 T. In addition, at 3 T, the decrease in 1/T1 below Tc was suppressed and
a tiny deviation from the Korringa behavior was observed. The suppressions of the HS peak
originate from the Doppler shift effect of the quasiparticle excitation, known as the Volovik
effect in s-wave superconductors;12) this effect was first pointed out in CaPd2As2.
13) In con-
trast to superconductors which are expected to have an FFLO phase near Hc2, there was no
enhancement of 1/T1 near Hc2(0).
We investigated how 1/T1T changes with respect to the magnetic field at low tempera-
tures. Figure 4 shows the magnetic field dependence of 1/T1T at 0.8 K, where 1/T1T is de-
termined with the vortex state. 1/T1T increases with increasing magnetic field and smoothly
connects with the normal-state value. Again, there was no enhancement of 1/T1T below Hc2,
which is different from FFLO superconductors. Above Hc2, 1/T1T remains constant with the
magnetic field. As shown in the inset of Fig. 4, 1/T1T in the SC state was proportional to
H2. This is in contrast to a line-node superconductor, in which quasiparticles are induced
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at nodes and the density of states (DOS) is proportional to
√
H/Hc2, resulting in a H linear
dependence of 1/T1T .
14) The experimental results can be fitted with a + bH2. Here, a is the
value of 1/T1 at 0 T, and b is the coefficient. As shown in the inset of Fig. 4, 1/T1T below 1 T
did not follow H2 behavior, most likely because of some impurities in the sample. In Type
II superconductors, the quasiparticle DOS in a magnetic field is proportional to the number
of vortex cores and 1/T1T is proportional to the square of the DOS. In full-gap superconduc-
tors, the induced quasiparticle DOS is proportional to H; thus, 1/T1T is proportional to H
2.
All experimental results are consistent with a full-gap s-wave superconductor with orbital
pair-breaking effect. However, theoretical calculation suggests that the quasiparticle DOS of
s-wave full-gap superconductors under a low field is expressed by the following equation:
Nloc(H, E = 0)/N0 ∼ H/0.8Hc2,15) where Nloc and N0 are localized quasiparticle DOS and
DOS in the normal state, respectively, and the coefficient of (H/Hc2)
2 is smaller than 1 near
Hc2. In the present study, Nloc/N0 ∼ H/Hc2 in the field region of H/Hc2 > 0.4, and the H
dependence suggested theoretically was not observed.
In conclusion, we performed 31P-NMR measurements over a wide magnetic field range
on the conventional s-wave superconductor LaRu4P12. The suppression of the HS peak under
a magnetic field and H2 dependence of 1/T1 are consistent with a full-gap s-wave supercon-
ductor with orbital pair-breaking effect. In addition, 1/T1 does not show any enhancement
below Tc near Hc2(0). This behavior is in contrast with that of FFLO superconductors. This
detailed NMR study of a conventional superconductor is useful for understanding the effect
of a magnetic field on superconductivity.
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Fig. 4. (Color online)The H-dependence of 1/T1T at the P site at 0.8 K. The break line is a+ bH
2. (inset) The
double-logarithmic chart of normalized H-dependence of 1/T1T . The break line is (H/Hc2)
2.
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